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To my family
You see, wire telegraph is a kind of a very, very long at. You pull his tail
in New York and his head is meowing in Los Angeles. Do you understand
this? And radio operates exatly the same way: you send signals here, they
reeive them there. The only dierene is that there is no at.
-Albert Einstein

Abstrat
Antennas are traditionally designed for far-eld appliations suh as wire-
less ommuniations, radar, et., where the antenna systems interat with
other systems and objets whih are loated in the far-eld zone of the
antennas. For this reason, the haraterization of antennas in the far-eld
is well-dened and measurable by well-developed measurement tehniques
both in line-of-sight and multipath environments. However, with the reent
inrease in appliations for near-eld mirowave systems suh as in dete-
tion and sensing, wireless power transfer or near-eld ommuniation, there
is a need for the study of design riteria of antennas tailored for near-eld
appliations. This thesis addresses some aspets of this topi.
In order to assess the antenna's ability to transfer power to a desired
target in the near-eld, penetration ability is introdued and investigated
besides the diretivity whih is a far-eld harateristi. It an be demon-
strated that these near-eld and far-eld harateristis are not expliitly
orrelated and that the penetration ability is dependent on the depth of
interest in the near-eld as well as the loss in the medium.
The axial pattern annot be dened and used in lossy media sine in
the presene of loss, the eld intensity is aeted by a monotonous atten-
uation with distane from the antenna. The 3dB near-eld beam radius is
introdued as a measure to haraterize the antenna's fousing behavior in
lossy media in the near-eld and it is further used to nd an optimal size
of the uniform eld apertures for the near-eld detetion of foreign objets
in lossy media.
In the nal part, array signal proessing tehniques are applied to the
transmitting aperture eld modes in order to determine the optimal aper-
ture distribution that maximizes the power transmission through lossy me-
dia. The optimal apertures whih are determined by this method are appli-
able in many near-eld systems, suh as the detetion of foreign objets in
lossy matters (e.g. food ontamination detetors), wireless harging of bat-
teries of human body implanted devies, and for near-eld ommuniation
systems.
Keywords: near-eld antennas, maximum penetration, near-eld fousing,
i
Abstrat
optimal near-eld aperture, near-eld power transfer, array signal proess-
ing.
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Part I
Introdutory Chapters

Chapter 1
Introdution
Traditionally, antennas have been designed and used for far-eld applia-
tions. Over the years, many dierent design onepts and antennas have
been developed for wireless ommuniations, radar, telemetry and various
other appliations where antenna systems interat with one another and
with objets that are loated in the far-eld zone of the antennas. This
means that the haraterization of antennas in the far-eld, both in Line-of-
sight (LOS) and multipath appliations, is well-dened and an be evaluated
by well-developed measurement tehniques [13℄.
On the other hand, near-eld mirowave systems nd more and more
appliations in reent years in areas suh as detetion and sensing [47℄,
wireless power transfer [8℄, or near-eld ommuniation. In these applia-
tions, the purpose of the antenna system is to interat with the immediate
surroundings whih often onstitutes a lossy medium. The antenna whih
is used in many suh appliations, is often one whih is designed with far-
eld riteria and assoiated limitations in mind. However, as it an be
demonstrated, a good antenna designed with far-eld properties does not
neessarily provide the optimal performane in the near-eld.
With the aforementioned inrease in near-eld mirowave appliations,
there is a need for systemati study and design of antennas and riteria
tailored for near-eld appliations. However, the haraterization, design
riteria, and fundamental limitations of antennas in the near-eld  speially
when dealing with lossy materials  has not been addressed as thorough as
in the far-eld. This thesis addresses some of aspets of this topi.
1.1 Aim of the Thesis
The aim of this thesis is to introdue and investigate dierent harateris-
tis and design riteria for antennas in near-eld appliations dealing with
1
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lossy materials and to explore fundamental limitations of idealized aperture
antennas in these problems. With this goal in mind, the Penetration Ability
is introdued as the ratio of the reeived power by the supplied power when
two antennas are loated on two sides of a lossy medium. By investigating
the penetration ability, it an be observed that most far-eld harateristis
of antennas are not diretly appliable in the near-eld.
Sine the fous of the work is on harateristis and limitations of anten-
nas, it is natural to work on ideal aperture antennas instead of on the atual
realization of the antenna. By this approah it is possible to determine the
optimal aperture distribution as an upper bound for what an atually be
realized. The goal in the design of the antenna will be to synthesize an
aperture that losely resembles the optimal one, but the possible hurdles in
the design proess are not of major onern in this work sine they are not
expeted to pose a severe problem.
Two approahes are taken to deal with the problem of near-eld fousing.
The rst approah is through the introdution of the 3dB near-eld beam
radius, whih shows how the energy is foused along a path in front of the
antenna. Although the minimization of the beam radius does not neessarily
result in the maximization of the reeived power, it an be shown that
it aets the sattering from small objets, whih an be useful in many
near-eld sensing appliations. By using the 3dB near-eld beam radius
denition, we an dene an optimal size of the uniform eld apertures in
the near-eld based on the eletrial properties and thikness of the media
surrounding the antenna.
The seond approah is to diretly maximize the power oupling be-
tween two antenna apertures in a lossy medium. For sensing appliations,
it is onjetured that maximizing the power transfer ratio leads to larger
perturbations to the reeived signal when a foreign objet is present. How-
ever, the potential appliations of the power transfer ratio maximization are
not limited to sensing as it an also be beneial in the design of wireless
power transfer and near-eld ommuniation systems. These approahes
are disussed and examined in the following hapters, as outlined below,
and an be found as appended papers as well.
1.2 Thesis Outline
The thesis is divided in two main parts. The purpose of the rst part,
onsisting of 6 hapters, is to introdue the subjet and to summarize the
results of this work. Chapter 2 oers a brief review of earlier work related
to near-eld fousing apertures, thereby larifying the ontext of the work.
Chapter 3 introdues Penetration Ability as a way to haraterize antennas
2
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in near-eld lossy media. In Chapter 4, the 3dB near-eld beam radius is
introdued as a means of haraterizing the antenna's performane to fous
the radiated power in the near-eld, whih is subsequently used to investi-
gate the optimal size of a uniform aperture. Chapter 5 presents a method of
nding the optimal aperture eld distribution for maximizing the near-eld
power oupling between a pair of antennas, whih is beneial for both the
detetion of foreign objets, as well as for the optimal power transfer and
near-eld ommuniation links in lossy media. Chapter 6 onludes the rst
part of the thesis with a brief summary of the ontributions and provides
an overview of future work. The seond part of the thesis inludes author's
ontributions in the form of four appended papers.
3
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Chapter 2
Bakground
Earlier researh on the topi of near-eld fousing apertures an be summa-
rized into two main ategories as Foused Apertures and Classi Innite
Apertures. These two ategories are briey reviewed in this hapter.
2.1 Foused Apertures
Sine the 1950's there has been studies on so-alled Foused apertures.
On a foused aperture, a spherial phase front is employed to fous the
energy of the eld at a ertain distane in the Fresnel zone [9, 10℄. It was
shown that on the foal plane, near its axis, the eletri eld of a foused
aperture exhibits several properties of the far-eld, among whih that a
tapered aperture distribution results in dereased sidelobe levels, inreased
beamwidth, and a dereased gain. In addition, it has been shown that
the atual loation of the maximum eld intensity along the axis of the
aperture is not exatly at the intended foal distane set by the aperture
phase distribution. The orresponding oset is dependent on the size of
the aperture and the foal distane [9℄. On the other hand, it has been
shown that an inverse taper gives rise to low forelobes and aftlobes
1
, but
also to high sidelobes and a large redution in gain [10℄. The axial pattern
of foused antennas an be synthesized by using methods similar to those
used for synthesizing far-eld patterns, where the foal distane is ontrolled
separately by aperture the phase distribution. The ontrol over the axial
pattern omes at the ost of a degradation in the angular or transverse
pattern as an inrease in the width of the main beam or an inrease in
the sidelobe level [11℄. Suessful attempts in realizing foused apertures
have been made by employing large mirostrip arrays or Fresnel zone plate
1
Forelobes and aftlobes are dened as the axial lobes before and after the foal dis-
tane, respetively [10℄.
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Figure 2.1: The E-eld intensity on the axis for a irular uniform eld
aperture of radius 4λ vs. distane from the aperture in three dierent
media.
lenses [12, 13℄. However, none of the above-mentioned earlier works have
taken loss in the medium into aount in their investigations.
Kay [14℄ has investigated the near-eld gain of aperture antennas in an
attempt to maximize it. However, the analytial approah in [14℄ falls short
when determining the exat optimal aperture eld distribution due to its
omputational omplexity for the time. Borgiotti [15℄ has used the reation
integrals in order to formulate and maximize the power transfer between
two planar apertures in the near-eld. However, the eld distribution in
the latter work an be analytially solved only in the partiular ase of
retangular apertures.
Fig. 2.1 shows the E-eld intensity on the axis of a irular uniform
aperture of radius 4λ in three media eah with a dierent ondutivity.
As an be seen in Fig. 2.1, as soon as loss is introdued to the medium,
the axial pattern, forelobes and aftlobes annot be dened any longer so
that new harateristis need to be dened and used. The 3dB near-eld
beam radius, whih will be disussed in Chapter 4, is a suitable and useful
parameter in this regard.
2.2 Classial Innite Apertures
Two lassial innitely large aperture eld distributions providing interest-
ing near-eld beam harateristis have been examined in the past. One
of them is the Bessel aperture [16, 17℄ where the E-eld distribution at the
6
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distane z from the aperture plane is given by
E(ρ, z) = E0J0 (kρρ
′) e−jkzzyˆ (2.1)
where J0 is the zero-order Bessel funtion of the rst kind and kz and kρ
are the longitudinal and transverse omponents of the wave vetor, whih
satisfy
k2z + k
2
ρ = k
2
(2.2)
where k is the wavenumber in the medium. The main beam that is generated
by a Bessel aperture eld is diration-free, whih means that its radius is
onstant at any distane from the aperture. However, due to the form of
the Bessel funtion, the sidelobes form an innite number of rings around
the main beam and it an be shown that the power ontained in eah ring
is approximately the same as that in the main beam [18℄. In order to limit
the power, a nite aperture size assuming a Bessel distribution (Pseudo-
Bessel) is employed. The niteness of the aperture will, in turn, result in an
osillating main beam intensity up to a ertain distane zmax, after whih
the peak intensity deays [16℄. Pseudo-Bessel beams an be generated by,
e.g., path antenna arrays [19℄, open-ended waveguide (guided modes) [20℄
or leaky-wave modes [21℄. The radius of the main beam for a pseudo-Bessel
aperture is not onstant, even at distanes shorter than zmax. In fat, the
niteness of the aperture will not only result in a deaying peak power, but
also results in an osilating beam radius in the region between the aperture
and zmax, beyond whih it widens ontinuously as an be seen in Fig. 2.2.
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Figure 2.2: The E-eld intensity on the axis and the main beam radius
of a irular pseudo-Bessel aperture vs. distane from the aperture. The
aperture radius a = 7λ, kρ = 10.
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Figure 2.3: Comparison of the 3db beam radii of Gaussian and uniform
apertures of idential size.
Another lass of innitely large aperture distributions is the Gaussian
aperture [2℄, where the amplitude distribution of the aperture follows a
Gaussian distribution and where a spherial phase distribution ontrols the
loation of the beamwaist orresponding to the point where beam is nar-
rowest. The interesting property of Gaussian apertures is that the eld
distribution at any plane parallel to the aperture remains a Gaussian distri-
bution exhibiting no sidelobes in the near-eld. The drawbak of a Gaussian
aperture is the relatively high rate at whih the beam widens after the fous
point. This eet is illustrated in Fig. 2.3, where the 3dB beam radius of a
uniform eld aperture with 5λ radius is ompared to a Gaussian aperture
with the same 8.7dB radius on the aperture. For the sake of omparison,
the foal distanes are set to be the same in this gure. This auses the
available power to spread over a larger area and, hene, dereases the peak
intensity of the eld. This deay is even larger in lossy media as it aets
the eld intensity.
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Near-eld Penetration Ability of
Antennas in Lossy Media
Antenna far-eld harateristis, suh as the radiation pattern, diretivity,
gain, and radiation eieny are not ompletely suitable when it omes to
near-eld appliations. As an example, assume a system of two antennas
in a sensing system, where one transmits a signal and the other one ats
as the reeiver and where the reeived signal is used to extrat information
on the environment in between both antennas. Generally, it is desirable to
maximize the ratio of the reeived power to the input power in order to
inrease the signal-to-noise ratio and, hene, to enhane the auray of the
extrated information. If the antennas were loated in the far-eld region of
eah other, assuming a xed radiation eieny one ould dedue that the
ratio of the reeived power to the input power is inreased by an inrease in
diretivity of both antennas; as a rule of thumb, larger sizes of the antennas
would lead to higher diretivities [1, 22℄. But what if the antennas were
loated lose to eah other? Does a larger antenna size still lead to a higher
power transfer ratio?
3.1 Penetration Ability
Consider the through-sensing system as shown in Fig. 3.1, where two an-
tennas are loated opposite to eah other on either side of a lossy material.
The total penetration oeient p
totTS
and the penetration oe-
ient p
TS
for a through-sensing (TS) system are respetively dened as
p
totTS
=
P
re
P
in
(3.1a)
p
TS
=
P
re
P
trans
(3.1b)
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Figure 3.1: Shemati diagram of a through-sensing system.
where P
re
, P
in
and P
trans
are the reeived power by the reeiving antenna,
the input power at the port of transmitting antenna, and the radiated power
from the transmitting antenna, respetively. The penetration oeient and
the total penetration oeient are related to eah other through
p
totTS
= e
imp
p
TS
, (3.2)
where e
imp
= P
trans
/P
in
= (1−|Γ|2) is impedane math eieny where Γ is
the reetion oeient at the transmitting antenna. The impedane math
at the transmitting antenna inludes the eet of the near-eld surround-
ings and even the presene of the reeiving antenna (sensor). Therefore,
the impedane math eieny is dependent on the environment and the
antennas.
When the sensing system is working over a wide frequeny band, the
total penetration oeient an be evaluated by frequeny domain mea-
surements as
p
totTS
=
∫
∞
−∞
|V˜
re
(f)|2 df∫
∞
−∞
|V˜
in
(f)|2 df
≈
∫ fh
fl
|V˜
in
(f)|2|S21(f)|
2
df∫ fh
fl
|V˜
in
(f)|2 df
(3.3)
where fl and fh are the lower and higher ends of the operating frequeny
band of the sensing system, and V˜
re
(f) and V˜
in
(f) are spetral voltage
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signals at the antenna ports. The ports 1 and 2 are onneted to the Tx
and Rx antennas, respetively. Similarly, we have
p
TS
=
∫ fh
fl
|V˜
in
(f)|2|S21(f)|
2
df∫ fh
fl
|V˜
in
(f)|2(1− |S11(f)|2) df
(3.4)
From (3.3) and (3.4), it is lear that the penetration oeients generally
depend on the shape of the transmitted pulse. Assuming that the input
signal has a uniform spetral density over the bandwidth [fl, fh], (3.3) and
(3.4) will redue to
p
totTS
=
∫ fh
fl
|S21(f)|
2
df
fh − fl
(3.5a)
p
TS
=
∫ fh
fl
|S21(f)|
2
df∫ fh
fl
(1− |S11(f)|2) df
(3.5b)
3.2 Measurement Results
We will apply the denitions of the penetration oeient and the total
penetration oeient to three dierent UWB antennas in order to ompare
their near-eld performane. The three antennas that are examined are the
self-grounded Bow-Tie antenna [23,24℄, Vivaldi antenna [25℄, and Antipodal
Figure 3.2: Three investigated UWB antennas: Vivaldi (left), Antipodal
Vivaldi (top right), and Self-grounded Bow-Tie antenna (bottom right).
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Vivaldi antenna [26℄. These antennas are shown in Fig. 3.2, where one an
ompare their sizes.
For the lossy material separating the antennas, bloks of butter with a
thikness ranging from 25 mm to 100 mm are used. The hoie of butter
is due to to the fat that it resembles the permittivity of body fat. The
atual average permittivity and loss of butter was measured in the working
frequeny band using Agilent's 85070E performane probe [27,28℄, yielding
ǫr = 4.6, tan δ = 0.04.
During the measurement proedure, a pair of idential antennas are aligned
on either side of the bloks of butter with dierent thiknesses, after whih
S11 and S21 were measured by using a network analyzer over the 2GHz to
13.5GHz frequeny band. The results are then used to alulate the total
penetration and penetration oeient aording to (3.5a) and (3.5b). The
results are plotted in Fig. 3.3 and 3.4, respetively. It shows that dierent
antennas perform dierently at dierent depths of interest, e.g., for larger
distanes, the Vivaldi antenna displays a better performane, whereas it is
outperformed by the other two antennas for the loser range.
3.3 Summary and Conlusions
It has been shown that one annot estimate the penetration ability of dif-
ferent antennas near-eld in lossy media by using far-eld harateristis of
the antenna. Furthermore, the amount of power that eah antenna radiates
25 50 75 100
−26
−24
−22
−20
−18
−16
−14
−12
Thickness [mm]
p t
ot
TS
 
[dB
]
 
 
Self−grounded Bow−Tie
Antipodal Vivaldi
Vivaldi
Figure 3.3: The total penetration oeient of three dierent antennas vs.
the thikness of the lossy medium separating the antennas.
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Figure 3.4: The penetration oeient of three dierent antennas vs. the
thikness of the lossy medium separating the antennas.
in a desired diretion in the far- and near-eld (i.e. Diretivity and Pen-
etration Ability) are not neessarily orrelated. The penetration ability is
highly dependent on the depth in the lossy medium, the eletrial proper-
ties of the material itself and the type of the antenna. Paper 1 in Part II of
this thesis details this topi further by providing supplementary simulation
and measurement results, along with a time domain evaluation of the total
penetration oeient in addition to the frequeny domain results.
Based on the results, it is dedued that an optimal antenna aperture
size for maximum penetration exists, sine the larger size does not lead to
higher penetration while a very small size will lead to propagation in various
undesired diretions. The issue of the optimal aperture size will be further
investigated in the next hapter.
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Chapter 4
3dB Near-eld Beam Radius and
Optimal Size of a Uniform Field
Aperture
When dealing with foused apertures, the axial pattern has been used as a
measure to haraterize the antenna near-eld fousing apabilities. How-
ever, as it has been demonstrated in Fig. 2.1, the axial pattern does not
eiently haraterize the antenna fous in the presene of medium losses.
Hene, other haraterizing parameters are needed in order to investigate
the near-eld fousing apabilities of antennas the in the presene of medium
losses.
4.1 3dB Near-eld Beam Radius
The eld radiated by a irular uniform eld aperture of radius 5λ that is
loated in the xy-plane at z = 0 in brain tissue (ǫr = 57.5, σ = 1.22 S/m at
1 GHz [29℄), is plotted in Fig. 4.1 for two dierent normalization shemes. In
the rst plot, the E-eld intensity is normalized to the overall maximum and
demonstrates a rapid attenuation with distane from the aperture due to
losses in the medium, whereas the E-eld intensity in the latter is normalized
separately at eah plane parallel to the aperture. The soure urrent is a
y-polarized Huygen's soure. As an be observed in this simple illustration,
although the eld intensity is attenuated heavily with an inrease in distane
from the aperture, the fous of the available power varies along the axis
of the aperture. For example, the uniform aperture in this ase, has its
narrowest fous around 23λ distane from the aperture. This leads us to
the denition and use of the 3dB near-eld beam radius.
The 3dB near-eld beam radius is dened as the radius of the smallest
15
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Figure 4.1: The E-plane eld intensity of a irular uniform aperture in
brain tissue, normalized to the overall maximum (top), and normalized at
eah plane parallel to the aperture (bottom). The aperture is loated at
z = 0.
irle on eah plane parallel to the aperture, whih ontains all eld points
where the eld strength (intensity of E-eld) is higher than -3dB of the
strongest strength value in that plane. In other words, all eld points outside
this 3dB-beam irle have a eld strength below -3dB of the strongest value
in that plane. The enter of the 3dB-beam irle is always on the symmetry
axis of the aperture. Note that, although the word beam is used in the
denition, a beam may not really be formed in the near-eld of an antenna.
The 3dB near-eld beam radius, whih is denoted by r3dB , is measured
in terms of millimeters or wavelengths, whih is dierent from the 3dB
beamwidth used to haraterize the far-eld radiated beam whih is usually
measured in degrees. Fig. 4.2 illustrates the denition of the 3dB near-eld
beam radius for two z-plane uts arrying dierent eld distributions.
4.2 Aperture Field Calulation
Assume a irular aperture of radius a lying in the xy-plane supporting the
eletri and magneti soure urrents J and M , as in Fig. 4.3. The total
radiated E-eld is given as the sum of ontributions from both the eletri
16
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Figure 4.2: Illustrating the denition of the 3dB near-eld beam radius
through the white irle for two dierent eld distributions, where the max-
imum on the plane is loated o-enter (left) and at its enter (right) of the
3dB irle.
and magneti urrents [2, pp:145-146℄, i.e.,
E(r) = EJ(r) +EM(r), (4.1)
where
EJ(r) = Ckη
∫∫
S′
[
JCN1 −
(
J · Rˆ
)
RˆCN2
] 1
R
e−jkR dS ′ (4.2)
EM(r) = Ck
∫∫
S′
(
M × Rˆ
)
CN
1
R
e−jkR dS ′ (4.3)
with η =
√
µ/ǫ as the wave impedane, k = 2π/λ as the wavenumber and
R = r− r′, R = |r− r′|, Rˆ =
R
R
, Ck =
−jk
4π
, CN = 1 +
1
jkR
,
CN1 = 1 +
1
jkR
−
1
(kR)2
, CN2 = 1 +
3
jkR
−
3
(kR)2
.
For the disussions in this hapter, we deal with uniform apertures and
without losing generality we further assume that the soure urrent is y-
polarized, that is,
J(ρ′) = Cŷ, ρ′ ≤ a (4.4)
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Figure 4.3: A irular aperture in the xy-plane.
for the eletri urrent, and
M(ρ′) = Cx̂, ρ′ ≤ a (4.5)
for the magneti urrent. Furthermore for the Huygen's soure we have{
J(ρ′) = Cŷ, ρ′ ≤ a
M(ρ′) = −Cηx̂), ρ′ ≤ a
(4.6)
where C is an arbitrary salar onstant.
4.3 Foal Distane and Optimal Size of Uni-
form Field Apertures
It has been observed that the 3dB beam radius is independent of the type of
the urrent soures. This independene is demonstrated in Fig. 4.4, whih
shows the 3dB beam radius along the propagation diretion (z-axis) for a
uniform aperture eld (a = 5λ) supporting the eletri, magneti or Hyu-
gen's urrent soures embedded in two dierent materials (i.e. either free
spae, or a medium with ǫr = 10, µr = 1 and tan δ = 0.2). To understand
this independene, we should bear in mind that the 3dB beam radius is
dened based on the relative eld intensity (ompared to its maximum).
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Figure 4.4: Comparison of the beam radius prole generated by dierent
urrent soure types on an aperture of radius a = 5λ. The blue urves show
the free-spae ase and the red urves show a medium with ǫr = 10 and
tan δ = 0.2.
The equality of the beam radius for eletri and magneti urrents an be
explained through the duality theorem [30, pp:310-312℄. The equality of
the beam radius for the Huygen's soure with the others is explained by
the fat that the eletromagneti elds are linear funtions of the urrent
soures and superposition an be applied to them. This means implies that
we only need to take into aount one type of urrent; the Huygen's soure
is hosen for this purpose.
If we alulate the 3dB beam radius for dierent uniform aperture sizes
and in dierent media, it is observed that for any aperture size, there is
a ertain distane where the beam radius attains its smallest value (z
min
).
Beyond this distane, the beam transforms into a far-eld beam and the
beam radius inreases at a onstant rate. In a through-sensing system as
shown in Fig. 3.1, the sattering from a foreign objet will be the strongest
if the objet is loated at a depth around z
min
, sine that is the depth
where the fous size is the smallest. Hene, by knowing the loation and
the size of the fous for eah aperture size in a given media, one an nd
its optimal size for eah appliation based on the depth of interest. To
this end, we have investigated the eet of the medium properties and the
size of the aperture on z
min
, and the beam radius at the foal point r
3dBmin
.
Plots of z
min
and r
3dBmin
as funtions of the aperture radius for ve dierent
media are shown in Fig. 4.5. The eletrial properties of these media are
summarized in Table 4.1. It an be onluded that z
min
and r
3dBmin
in terms
of wavelength (i.e. z
min
/λ
m
and r
3dBmin
/λ
m
, where λ
m
is the wavelength
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Figure 4.5: Loation and size of uniform aperture's fous vs. aperture radius
for dierent media.
Table 4.1: Eletri properties of ve of the investigated media.
Medium ǫr tan δ
Free spae 1 0
Fat 10 0.04
Hypothetial 1 10 0.2
Hypothetial 2 5 0.2
Brain tissue 57.5 0.38
in medium) are independent of the medium permittivity and are aeted
only by loss. Furthermore it is observed that z
min
/λ
m
and r
3dBmin
/λ
m
both
inrease with an inrease in the medium losses. Based on these results and
those done for other investigated media, we an derive empirial formulae for
z
min
/λ
m
and r
3dBmin
/λ
m
pertaining to a uniform eld aperture as a funtion
of the medium loss and aperture radius as:
r3dBminUA
λ
m
= (0.2067− 0.1985 tan δ)
+ (0.2060 + 0.3650 tan δ)
(
a
λ
m
)
(4.7a)
zminUA
λ
m
=
(
0.3101− 1.6993 tan δ + 3.2400 tan2 δ
)
−
(
0.0102− 0.2552 tan δ + 0.6960 tan2 δ
)( a
λ
m
)
+
(
0.7632 + 0.8137 tan δ − 0.2149 tan2 δ
)( a
λ
m
)2 (4.7b)
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4.4 Summary and Conlusion
It has been shown that the axial pattern annot be used in the presene of
medium losses, sine forelobes and aftlobes do not appear due to the eld
attenuation. Instead, the 3dB near-eld beam radius is introdued and used
to investigate the fousing properties of uniform apertures. The 3dB near-
eld beam radius has shown to be independent of the type of urrent soure
and an be dened for any shape of the aperture, whih makes it a general
parameter appliable to various types of apertures. More details and results
are presented in the Papers 2 and 3 in Part II of this thesis.
It is further suggested that by hoosing a suitable size of the antenna
aperture, depending on medium loss and depth of interest, one an enhane
the amount of sattered power from a foreign objet in a through-sensing
system. Empirial formulae for the foal distane and the orresponding
beam radius at the foal plane are provided, whih are used in determining
the optimal size of the uniform aperture. The optimal size of the uniform
aperture for the detetion of foreign objets in lossy media, as well as the
eet of orretly hosen aperture size on the sattered power from objets
is investigated and presented in Paper 3 with an idealized test setup.
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Chapter 5
Optimal Aperture Fields For
Maximum Power Transfer in
Lossy Media
In the previous hapter, we introdued and disussed the 3dB near-eld
beam radius and its relation to the antenna fous in the near-eld for the
ase of lossy media and subsequently used it to nd an optimal size of a
uniform aperture for the detetion of foreign objets. In the present hapter
we will take another approah to the synthesis of the optimal aperture
eld problem, that is, to numerially nd the optimal aperture distribution
that maximizes the power oupling between two antennas separated by a
lossy medium, given a xed reeiver size and antenna separation distane.
The appliations for suh optimal apertures inlude, but are not limited
to wireless power transfer to implants and in-body ommuniation with
these implants, where the reeiver is typially very small. It is argued
that maximizing the power oupling between two antennas will enhane the
detetion probability of foreign objets in sensing appliations, sine the
disturbane in the presene of any foreign objet is likely to be maximized
as well.
5.1 Problem Setup and Power Transfer Ratio
The problem setup is illustrated in Fig. 5.1. Two antennas are separated
by a lossy medium with a omplex-valued harateristi impedane η. The
objetive is to nd an eletri (J) and magneti (M) urrent distribution
that maximizes the ratio of the reeived power to the total input power.
Sine the medium is lossy, the eet of the baksattered eld at the reeiv-
ing side on the transmitting side an be negleted. Hene, one an assume
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Figure 5.1: Problem setup inluding a transmitting and an ideally reeiving
aperture antenna.
that the soure urrents J and M radiate in a homogenous medium with
harateristi impedane η. The total reeived power P
out
is given by
P
out
=
1
2
Re
{∫
S2
[E(J ,M)×H∗(J ,M)] · nˆ2 dS
}
. (5.1)
Similarly, the supplied power P
in
is given by
P
in
=
1
2
Re
{∫
S1
[E(J ,M)×H∗(J ,M)] · nˆ1 dS
}
. (5.2)
Next if we expand J and M in terms of N basis funtions as
J =
N∑
n=1
jnfn(r), M =
N∑
m=1
mmgm(r) (5.3)
and substitute (5.3) in (5.1) and (5.2), the supplied and reeived powers an
be written after some manipulations as
P
out
=
1
2
Re{wHP
out
w} (5.4a)
P
in
=
1
2
Re{wHP
in
w} (5.4b)
where P
in
and P
out
are system matries for the input and output powers,
and where w is the vetor ontaining the unknown weights jn and mm of
the basis funtions, i.e.,
w =
[
j
m
]
.
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The derivation of P
in
and P
out
in (5.4) is explained in detail in Paper 4 of
Part II and is therefore omitted in this hapter to avoid repetition. The
objetive is to maximize the ratio of the reeived power to the supplied
input power, or power transfer ratio (P
tr
), whih an be written as
P
tr
=
P
out
P
in
=
Re
{
wHP
out
w
}
Re {wHP
in
w}
=
wH [P
out
+ PH
out
]w
wH [P
in
+ PH
in
]w
(5.5)
5.2 Maximization
Sine wi are omplex valued weights, that is, wi = w
′
i + jw
′′
i for i =
1, 2, . . . , 2N , to nd the maximum of P
tr
(
w,wH
)
, we require that both
∂P
tr
∂w′i
= 0 and
∂P
tr
∂w′′i
= 0 (5.6)
whih on aount of the hain rule for dierentiation, are written as
∂P
tr
∂w′i
=
∂P
tr
∂wi
∂wi
∂w′i
+
∂P
tr
∂w∗i
∂w∗i
∂w′i
=
∂P
tr
∂wi
+
∂P
tr
∂w∗i
= 0 (5.7a)
∂P
tr
∂w′′i
=
∂P
tr
∂wi
∂wi
∂w′′i
+
∂P
tr
∂w∗i
∂w∗i
∂w′′i
= j
(
∂P
tr
∂wi
−
∂P
tr
∂w∗i
)
= 0 (5.7b)
whih implies, (5.6) is satised, if and only if,
∂P
tr
∂wi
= 0 and
∂P
tr
∂w∗i
= 0. (5.8)
By setting A = P
out
+ PH
out
and B = P
in
+ PH
in
in (5.5), we an write P
tr
as
P
tr
=
N
D
=
N∑
n
N∑
m
w∗nAnmwm
N∑
n
N∑
m
w∗nBnmwm
(5.9)
substituting (5.9) in (5.8) gives
∂P
tr
∂wi
=
1
D2
[
D
N∑
n
w∗nAni −N
N∑
n
w∗nBni
]
= 0, ∀i (5.10a)
∂P
tr
∂w∗i
=
1
D2
[
D
N∑
m
Aimwm −N
N∑
m
Bimwm
]
= 0, ∀i (5.10b)
now, by assuming D 6= 0, whih means that the supplied power is not zero,
equation (5.10b) an be written as
Aw = P
tr
Bw (5.11)
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and sine both A and B are Hermitian matries, (5.10a) will also redue
to (5.11). This is a generalized eigenvalue problem and the largest positive
value of P
tr
is equal to the largest eigenvalue with the orresponding prin-
ipal eigenvetor w = w
opt
[31, pp:189-193℄. For any given geometry and
medium properties, P
in
and P
out
an be omputed and w
opt
an be found.
5.3 Results
The resulting optimal aperture eld distributions are observed to have the
following general properties:
• The eld has rotational symmetry around the axis of the aperture,
whih is to be expeted from the geometry of the problem.
• The phase of the eld on the edge of the aperture is leading relative
to the enter of the aperture resulting in a onstrutive interferene of
wavefronts originating from dierent parts of the transmitting aper-
ture lose to the enter of the reeiver aperture.
• The eld amplitude is tapered with the highest amplitude in the aper-
ture enter. Sine the propagation distane from the aperture edge to
the reeiver is longer ompared to its enter, the eld attenuation is
higher. Hene, the power of the optimally synthesized aperture eld
is less onentrated lose to the edge.
• The eletri and magneti urrents appear to be losely related through
M(r) = η∗nˆ1 × J(r).
This means that the optimal aperture eld distribution requires that
the eletri and magneti urrents ontribute by the same amount to
the total eld.
The normalized magnitude and phase of J for dierent transmitter aper-
ture sizes are plotted in Fig. 5.2, where the assumed reeiver aperture size
is 1λ × 1λ and where the apertures are separated by 4λ in musule tissue
(ǫr = 57, σ = 1.2 S/m at 1 GHz [32℄). Note that the value of x along the
horizontal axis in this gure is normalized to its largest value for eah trans-
mitting aperture size. This means that the [−1, 1] span on the horizontal
axis overs the whole length of the aperture and thus shows dierent lengths
for dierent aperture sizes. It is observed that as the aperture size beomes
larger, the tapering in amplitude and phase also inreases.
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Figure 5.2: Normalized amplitude (left) and phase in degrees (right) of
the optimal eletri urrent distribution on the transmitter aperture. The
reeiver is 1λ× 1λ loated 4λ away from the transmitter.
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Figure 5.3: Comparison of the power transfer ratios of the optimal and
uniform apertures vs. the aperture size.
The power transfer ratios of the optimal apertures of sizes λ × λ to
6λ × 6λ are ompared to those obtained for the uniform apertures of the
same size. The results are shown in Fig. 5.3 assuming a λ × λ reeiver
aperture and a 8λ distane between the two apertures embedded in musle
tissue. A uniform aperture is hosen as a referene for the omparisons
sine it is the aperture distribution whih is known to provide the highest
diretivity in the far-eld. It an be observed that the P
tr
for a uniform
aperture eld dereases when the aperture exeeds a ertain size due to the
spreading of the power over a larger area in the near-eld. However, the
optimal aperture an maintain the level of the power transfer ratio even for
larger sizes. It should be noted that the P
tr
value of the optimal aperture
will saturate beyond a ertain size due to the attenuation of the eld as a
result of whih it annot inrease further. The saturation size depends on
the size of the reeiving aperture, the distane between the transmitting and
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Figure 5.5: PA vs. distane for dierent reeiver sizes in two media.
reeiving apertures, and the loss in the medium. This saturation further
implies that there is an optimal size for the optimal aperture led beyond
whih the inrease in P
tr
is insigniant.
Plots of the optimal aperture size for the optimal aperture eld (T
opt
)and
the amount of P
tr
advantage (PA) relative to the P
tr
of the best uniform
aperture vs. the distane between the two apertures, an be generated
for dierent reeiver aperture sizes and for dierent media. These plots
are useful in system design phases where the reeiver size and distane are
already xed and where the medium properties are known. In suh ases,
we an readily determine the optimal aperture size in ombination with
an optimal aperture eld distribution providing the maximum ahievable
improvement in power transfer ratio. Figures 5.4 and 5.5 show T
opt
and PA
vs. distane (d) for dierent reeiver aperture sizes in musle tissue and fat
(ǫr = 4.6, σ = 0.02 S/m at 1 GHz). It is observed that the inrease in loss
alls for smaller optimal apertures. However, it should be noted that the
amount of P
tr
advantage over a uniform aperture will also derease with an
inrease in medium loss.
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5.4 Summary and Conlusions
A novel numerial optimization method to determine the optimal aperture
eld distribution for maximum power transfer between two idealized aper-
ture antennas through a lossy medium is presented. The optimal aperture
eld an be used as a referene eld in the system design of dierent ap-
pliations dealing with the problems of wireless power transfer to implants,
near-eld ommuniations with implants, and detetion of foreign objets
in lossy media. The eet of the size of the apertures and the separa-
tion distane between the two antennas have been investigated for dierent
dieletri properties of the medium. More details on the optimization pro-
edure and its results are presented in Paper 4 in Part II of the thesis.
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Chapter 6
Contributions and Future Work
Researh into near-eld mirowave systems, for sensing and detetion, wire-
less power transfer, and near-eld ommuniation appliations, have in-
reased in reent years. An essential part of these mirowave systems is
the antenna whih has to be designed in order to meet spei near-eld
riteria. Furthermore, and as opposed to the far-eld, near-eld antenna
harateristis and design riteria are not as well dened and established,
in partiular when the medium surrounding the antenna is lossy, as is the
ase in many of the aforementioned near-eld mirowave appliations.
The penetration ability is introdued in Chapter 3 and Paper 1 as a
parameter to haraterize antennas in the near-eld, whih is partiularly
useful when the medium is lossy. For instane, by investigating the pen-
etration ability, it has been shown that the far-eld harateristis, suh
as diretivity, annot be used to estimate the amount of power an antenna
radiates in a given diretion in the near-eld.
In Chapter 4, and both the Papers 2 and 3, the 3dB near-eld beam
radius is introdued and used as a parameter to haraterize the antenna's
near-eld fousing ability in lossy media, sine the ommonly studied axial
pattern is no longer an adequate quantity when medium loss is present. The
3dB near-eld beam radius has been exploited to determine the optimal size
of a uniform aperture eld for the near-eld detetion of foreign objets in
lossy media.
A generi numerial method for determining the optimal aperture eld
distribution that maximizes the near-eld power transfer through lossy me-
dia is developed and desribed in Chapter 5, as well as in Paper 4. The
optimal apertures, whih are determined by applying array signal proessing
tehniques to aperture eld modes, an be used to: (i) explore fundamental
limits of near-eld antenna systems; (ii) derive a referene eld distribution
that an be used to design transmitting and reeiving antennas with the aid
of aperture eld mathing tehniques; (iii) develop optimal design urves,
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thereby alleviating the initial design problem. In this hapter speially,
the performane of the optimal aperture elds are ompared to the uniform
one, the latter of whih is known to provide the highest far-eld diretivity,
and pratial design urves for the estimation of the ahievable advantage
in terms of the power transfer ratio for dierent reeiver sizes and media
are examined and presented.
6.1 Future Work
Sine the numerial method that is presented in Chapter 5 is generi and
exible, it an be applied to apertures of dierent sizes and shapes inluding
those that are not planar. Sine the analysis is urrently limited to homoge-
nous media  due to the employed Green's funtion  one of the aspets for
further development is to use algorithms suh as G1DMULT [33℄ in order
to extend the modeling apabilities to multi-layered symmetri geometries
like spherial or ylindrial strutures. Another interesting possibility is to
import the optimal soure referene eld distribution into a ommerial EM
solver, introdue a foreign objet in the medium, and estimate the dete-
tion probability. In this respet, the array-signal-proessing-based method,
as proposed in Chapter 5 and Paper 4, forms an exellent basis to further
examine and develop sensitive detetion methods, inluding those that an
deide whether a tissue is anerous or not.
The present work explores some of the fundamental limits of transfer-
ring power in lossy media and provides initial design urves, however, the
nal objetive in the realization proess is to atually generate an aperture
eld that is as lose as possible to the optimal one. Hene, another future
researh diretion is to design and realize a detetion system employing
optimal eld-mathing transmitting and reeiving antennas.
32
Referenes
[1℄ C. A. Balanis, Antenna Theory. Analysis And Design. New Jersey:
John Wiley and Sons, In., 2005.
[2℄ P.-S. Kildal, Foundations of antennas: A unied approah. Studentlit-
teratur, 2000.
[3℄ K. Rosengren and P.-S. Kildal, Radiation eieny, orrelation, di-
versity gain and apaity of six monopole antenna array for a MIMO
system: Theory, simulation and measurement in reverberation ham-
ber, Proeedings IEE, Mirowaves Antennas and Propagation, vol.
152, no. 1, pp. 716, 2005.
[4℄ X. Li, E. Bond, B. Van Veen, and S. Hagness, An overview of ultra-
wideband mirowave imaging via spae-time beamforming for early-
stage breast-aner detetion, IEEE Antennas and Propagation Mag-
azine, vol. 47, no. 1, pp. 1934, 2005.
[5℄ Y. Yu, J. Yang, T. MKelvey, and B. Stoew, A ompat UWB indoor
and through-wall radar with preise ranging and traking, Interna-
tional Journal of Antennas and Propagation, vol. 2012, 2012.
[6℄ S. Fayazi, J. Yang, and H. Lui, UWB SAR imaging of near-eld ob-
jet for industrial proess appliations, in 7th European Conferene on
Antennas and Propagation, (EuCAP 2013), Gothenburg, Sweden, 8-12
April 2013.
[7℄ X. Zeng, A. Fhager, P. Linner, M. Persson, and H. Zirath, Experi-
mental investigation of the auray of an ultrawideband time-domain
mirowave-tomographi system, Instrumentation and Measurement,
IEEE Transations on, vol. 60, no. 12, pp. 39393949, 2011.
[8℄ K. Sanghoek, J. Ho, and A. Poon, Wireless power transfer to miniature
implants: Transmitter optimization, IEEE Transations on Antennas
and Propagation, vol. 60, no. 10, pp. 48384845, 2012.
33
Referenes
[9℄ J. W. Sherman, Properties of foused apertures in the fresnel region,
IRE Transations on Antennas and Propagation, vol. 10, no. 31, pp.
399408, July 1962.
[10℄ R. C. Hansen, Foal region haraterisitis of foused array antennas,
IEEE Transations on Antennas and Propagation, vol. AP-33, no. 12,
pp. 13281337, Deember 1985.
[11℄ W. J. Graham, Analysis and synthesis of axial eld patterns of foused
apertures, IEEE Transations on Antennas and Propagation, vol. 31,
no. 4, pp. 665668, July 1983.
[12℄ S. Karimkashi and A. Kishk, Foused mirostrip array antenna using
a dolph-hebyshev near-eld design, IEEE Transations on Antennas
and Propagation, vol. 57, no. 12, pp. 38133820, Deember 2009.
[13℄ , Fousing properties of fresnel zone plate lens antennas in the
near-eld region, IEEE Transations on Antennas and Propagation,
vol. 59, no. 5, pp. 14811487, May 2011.
[14℄ A. F. Kay, Near-eld gain of aperture antennas, IRE Transations on
Antennas and Propagation, vol. 8, no. 6, pp. 586593, November 1960.
[15℄ G. V. Borgiotti, Maximum power transfer between two planar aper-
tures in the fresnel zone, IEEE Transations on Antennas and Prop-
agation, vol. 14, no. 2, pp. 158163, Marh 1966.
[16℄ J. Durnin, Exat solutions for nondirating beams. I. the salar the-
ory, Journal of Optial Soiety of Ameria A, vol. 4, no. 4, pp. 651654,
1987.
[17℄ J. Durnin, J. Mieli, and J. H. Eberly, Diration-free beams, Phys-
ial Review Letters, vol. 58, no. 15, pp. 14991501, April 1987.
[18℄ J. Durnin and J. Mieli, Comparison of bessel and gaussian beams,
Optis Letters, vol. 13, no. 2, pp. 7980, February 1988.
[19℄ P. Lemaitre-Auger, S. Abielmona, and C. Caloz, Generation of bessel
beams by two-dimensional antenna arrays using sub-sampled distribu-
tions, IEEE Transations on Antennas and Propagation, vol. 61, no. 4,
pp. 18381849, 2013.
[20℄ M. A. Salem, A. H. Kamel, and E. Niver, Mirowave bessel beams
generation using guided modes, IEEE Transations on Antennas and
Propagation, vol. 59, no. 6, pp. 22412247, 2011.
34
Referenes
[21℄ M. Ettorre and A. Grbi, Generation of propagating bessel beams
using leaky-wave modes, IEEE Transations on Antennas and Prop-
agation, vol. 60, no. 8, pp. 36053613, 2012.
[22℄ J. D. Kraus and R. J. Marhefka, Antennas For All Appliations.
MGraw-Hill Eduation, 2002.
[23℄ J. Yang and A. Kishk, The self-grounded Bow-Tie antenna, in
IEEE AP-S International Symposium on Antennas and Propagation,
Spokane, Washington, July 2011.
[24℄ , A novel low-prole ompat diretional ultra-wideband antenna:
the Self-Grounded Bow-Tie antenna, IEEE Transations on Antennas
and Propagation, vol. 60, no. 3, pp. 12141220, 2012.
[25℄ P. J. Gibson, The vivaldi aerial, Proeedings of the 9th European
Mirowave Conferene, pp. 101105, 1979.
[26℄ E. Gazit, Improved design of the vivaldi antenna, in Proeedings of
IEE, Mirowaves Antennas and Propagation, April 1988, pp. 8992.
[27℄ Tehnial overview, agilent 85070e dieletri probe kit 200 MHz to 50
GHz, Agilent Tehnologies, In., May 9 2003.
[28℄ Tehnial overview, agilent 85071e materials measurement software,
Agilent Tehnologies, In., November 6 2003.
[29℄ G. Shmid, G. Neubauer, and P. Mazal, Dieletri properties of human
brain tissue measured less than 10 h postmortem at frequenies from
800 to 2450 mhz, Bioeletromagnetis, vol. 24, no. 6, pp. 423430,
2003.
[30℄ C. A. Balanis, Advaned Engineering Eletromagnetis. New York:
John Wiley and Sons, In., 1989.
[31℄ R. F. Harrington, Field Computation by Moment Methods. New York:
The Mamillan Company, 1968.
[32℄ S. Gabriel, R. Lau, and C. Gabriel, The dieletri properties of bio-
logial tissues: III. Parametri models for the dieletri spetrum of
tissues, Physis in mediine and biology, vol. 41, p. 2271, 1996.
[33℄ P.-S. Kildal, Z. Sipus, and M. Johansson, G1DMULTa numerial al-
gorithm for omputing green's funtions, in ACES Symposium Mon-
terey, CA, 1997, pp. 12421249.
35
36
